Previous reports in this series (15, 21, 25) have described a cell-free system from Chlorella pyrenoidosa (Emerson strain 3) which is capable of reducing sulfate to thiosulfate, via adenosine 3'-phosphate 5'-phosphosulfate, when fortified with ATP, Mg2+, and a reductant. Reduced pyridine nucleotides or a thiol such as 2,3-dimercaptopropan-1-ol can serve as the reductant. This system is routinely assayed by the formation of acidvolatile radioactivity, and the product, before acidification and in the absence of added carrier, has been identified as thiosulfate by ion exchange chromatography and paper electrophoresis (21).
to this organism. Of special interest were those cell-free systems already reported to be capable of forming sulfite, or sulfide, such as yeast (9, 10, 30) , Escherichia coli (6, 23) , and Salmonella (4) . In this paper we report that crude cell-free extracts from various algae, bacteria, and yeast can reduce sulfate-35S to acid-volatile radioactivity under our conditions, and in every case where sufficient product for identification was obtained, the major source of acid-volatile radioactivity was identified as thiosulfate. A brief account of this work has already appeared (11) .
MATERIALS AND METHODS
All materials and methods not specifically described here are to be found in other papers in this series (12-15, 21, 25) . Cellfree extracts were prepared at 0 to 4 C and were used immediately after preparation. All buffers used in the preparation of extracts contained 1.5 mm BAL.3 Protein was determined turbidimetrically (12) .
Preparation of Chlorella Extracts. Cultures were grown under aseptic conditions photoautotrophically with shaking (14, 25) . Our usual method of preparing Chlorella extracts (12, method A) was employed, and the supernatant obtained after the high speed centrifugation step was diluted with 4 volumes of 200 mM tris-HCl, pH 9.0, before being used as enzyme in incubations.
Preparation of Chlam.ydomonas, Anacystis, and Euglena Extracts. The procedures described above for Chllorella were used with the following changes.
Chlamydomonas reinhardi Dangeard strain Y1 Sagar was grown in the medium of Levine (20) with the source of iron and trace elements the same as for the Chlorella medium (25) , and supplemented with 0.4% (w/v) yeast extract (Difco).
Anacystis sp. strain 6311 was grown in the medium of Hughes et al. (16) plating. The same techniques were used as for strain C527 except that the growth medium was supplemented with 40 MAg of L-djenkolic acid per ml and histidine was omitted.
Preparation of Escherichia coli Extracts. E. coli A232 (3) was grown with shaking at 37 C in 0.8% (w/v) nutrient broth. Log phase cultures were harvested and washed in the same way as for Salmonella. The cells were suspended in 3 volumes of the pH 8 buffer and broken by a lysozyme freeze-thaw procedure (17) as follows. The cell suspension was made 1 mg/ml in lysozyme and incubated for 5 min at 30 C. The cells were lysed by a rapid freeze-thaw cycle, and the extract was centrifuged at 28,00Og for 15 min. The supernatant solution constituted the enzyme extract.
Preparation of Yeast Extracts. Fourteen grams of dried baker's yeast (Fleischmann's active) were suspended in about 100 ml of 50 mm tris-HCl, pH 8.0. Portions of this suspension (about 30 ml) were shaken with 50 g of acid-washed and neutralized glass beads (0.1 mm diameter) for 1 min in a chilled Braun cell homogenizer (model MSK, Will Scientific Co.). The extract HODSON AND SCHIFF was centrifuged at 10,000g for 10 min, and then at 86,000g for 1 hr. The supematant solution constituted the enzyme extract. RESULTS Extracts from the various algae, bacteria, and yeast were first tested for their ability to reduce 3"SO42 to acid-volatile radioactivity (Table I ). All extracts from wild-type strains (wildtype with respect to sulfate reduction) were active, although extracts from Euglena were always much less active than the others. Of the four strains of Salnmonella impaired in sulfate reduction (4) which were tested, only extracts from strain Cd-68 were active.
Although with extracts from Chlorella pyrenoidosa (Emerson strain 3) thiosulfate is the major acid-volatile product of sulfate reduction (21), this could not be assumed to be true with extracts from other organisms. Indeed, several oxidation states of inorganic sulfur yield volatile products when treated with acid, including sulfite, thiosulfate, and sulfide. Furthermore, the addition of carrier thiosulfate, sulfite, or sulfide in the usual diffusion assay invites chemical exchange with the true product (1, 28). We sought, therefore, to identify the product which yields acid-volatile radioactivity by our usual methods of ion exchange column chromatography and paper electrophoresis in the absence of added carrier (21) .
Paper electrophoresis of all Chlorella incubation mixtures ( Fig. 1) revealed that the major radioactive species present were PAPS, sulfate, and thiosulfate. (This confirms the usual composition of Chlorella incubation mixtures already reported using ion exchange column chromatography [21] .) Of these radioactive compounds, only thiosulfate is capable of yielding acidvolatile radioactivity. Similarly, incubation mixtures of extracts from Chliamydomonas, Anacystis, Salmonella (C527 and Cd-68), Escherichia, and baker's yeast, examined by ion exchange chromatography (Fig. 2 ) and paper electrophoresis (Fig. 1) , revealed that thiosulfate was the major acid-volatile species present. Sulfite and sulfide were definitely absent, and there was no appreciable radioactivity at the origin on the electrophoresis papers which would be expected for a protein-bound form of radiosulfur (27) . Euglena extracts were not active enough to permit identification of the product(s).
DISCUSSION AND CONCLUSIONS The data we have presented in this paper show that thiosulfate is the major acid-volatile product formed when extracts from various species and strains of Chlorella, as well as from Euglena, Chlamydomonas, Anacystis, Escherichia, Salmonella, and baker's yeast, are prepared and incubated under the conditions we originally devised for Chlorella pyrenoidosa (Emerson strain 3). Sulfite and sulfide are not found. Our methods do not involve the inclusion of carrier sulfite, sulfide, or thiosulfate in the incubations or subsequent separations, in order to avoid exchange with the compound(s) actually formed from PAPS. Furthermore, acidification is not involved in this identification, which eliminates confusion in identifying the source of SO2 (which might be from either sulfite or thiosulfate) and also prevents the acid-catalyzed reaction between sulfite and sulfide known to form a mixture of products, including sulfur, resembling Wackenroder's liquid (28) .
Previous work under a variety of extraction and incubation conditions has led to suggestions that sulfite, sulfide, or both are formed in extracts from some of the organisms mentioned above, particularly Escherichia coli (6, 23) and Salmonella (4), as well as several other organisms summarized in the review of Peck (24) . Hilz and co-workers (9, 10) and Bandurski and co-workers in their early papers (30) suggested that extracts from baker's yeast form sulfite. In a later paper Torii and Bandurski (27) modified this in favor of a bound form of sulfur which could yield sulfite under certain conditions. Extracts of higher plants have also been examined for sulfate reduction, and the conclusion has been drawn that sulfite is the major product (2, 26) .
Most of these identifications of sulfite or sulfide as the major acid-volatile product formed from sulfate have depended upon the addition of carrier prior to analytical determinations. It is known, however, that sulfite exchanges readily with the S03 portion of thiosulfate (1, 29) , and thiosulfate itself yields SO2 upon acidification. The identification of sulfide is rendered somewhat ambiguous by its reaction with sulfite (28), on acidification, and by its ready exchange with the SH sulfur of thiosulfate (1) . It would seem that some of these identifications are not unambiguous and it would be desirable to have separations based on ion exchange chromatography or electrophoresis in the absence of carrier.
In work on extracts of E. coli (6) and Salmonella (4), net amounts of sulfite have been shown to be formed from nonradioactive sulfate using the Grant procedure (7). This procedure involves deproteinization with mercuric chloride followed by determination of sulfite with fuchsin reagent. Kelly (5, 19) .
